Cell fractionation and protein electrophoresis were used to study the intracellular sites of synthesis and intermediate structures in the assembly of the virion proteins of vesicular stomatitis virus. Each of the three major virion proteins assembled into virions through a separable pathway. The nucleocapsid (N) protein was first a soluble protein and later incorporated into free, cytoplasmic nucleocapsids. A small amount of N protein was bound to membranes at later times, presumably representing either nucleocapsids in the process of budding or completed virions attached to the cell surface. The matrix (M) protein also appeared to be synthesized as a soluble protein, but was then directly incorporated into membranous structures with the same density as whole virus. Very little M protein was ever found in membranes banding at the density of plasma membranes. The M protein entered extracellular virus very quickly, as though it moved directly from a soluble state into budding virus. In contrast, the glycoprotein (G) was always membrane bound; it appeared to be directly inserted into membranes during its synthesis. Glycosylation of the G protein was completed only in smooth membrane fractions, possibly in the Golgi apparatus. After a minimum time of 15 min following its synthesis, G protein was incorporated into the surface plasma membrane, from which it was slowly shed into virions. These multiple processing steps probably account for its delayed appearance in virus. From this work it appears that the three major structural proteins come into the surface budding structure through independent pathways and together they coalesce at the plasma membrane to form the mature virion.
branes, whereas the other mRNA's are largely translated on free, cytoplasmic polyribosomes (4, 12, 26, 27) . This suggested a compartmentalization of the sites of synthesis of the VSV proteins.
The experiments presented in this paper were designed to analyze the nature and subcellular localization of the initial translation products of the VSV proteins in infected cells and the pathway of their assembly into host cell I Present address: Committee on Virology, University of Chicago, Chicago, IL 60637. membranes and virions. Previous evidence has suggested that the M and G proteins associate rapidly with membranes in infected cells, but that the N protein accumulates free in the cytoplasm and later attaches to the membranes (5, 7, 29) . We have utilized a cell fractionation procedure which is a modification of that used by Hay (13) for the study of maturation of influenza virus proteins. This approach has allowed us to identify intermediates in the assembly of the viral proteins and to define the pathways of maturation of the individual VSV proteins.
MATERIALS AND METHODS
Growth of cells and virus. The growth of cells, the origin of the virus strain, and the purification of virus have been described previously (19) .
Cell fractionation. Fractionation of uninfected and infected Chinese hamster ovary (CHO) cells was conducted by the procedure summarized in Fig. 1. All steps were at 0 to 4°C. Cells were harvested, washed with Earle saline solution, and swelled for 20 min in RSB (10 mM Tris-hydrochloride-10 mM NaCl-1.5 mM MgCl2 [pH 7.4] ). Generally, 107 cells were resuspended in 3 ml of RSB for homogenization. Cells were broken with 20 to 40 tight Dounce homogenizer (the number of strokes depended on the clearance of the homogenizer). In some experiments the homogenate was then brought to 0.1 M NaCl. Nuclei and large cell debris were removed by centrifugation at 1,000x g for 5 min. The cytoplasm was subjected to centrifugation at 100,000 x g for 60 min in a Spinco type 5OTi rotor. Protein in the supernatant was recovered by precipitation by the addition of 5 volumes of acetone. The pellet, which contained all of the large particulate material from the cytoplasm, was resuspended in 1 mM Tris-hydrochloride-1 mM EDTA (pH 8.0) by Vortex homogenization and resedimented at 150,000 x g for 60 min in the same tube.
The pellet was homogenized in 1 ml of 45% sucrose (all sucrose concentrations are wt/wt) in the same Tris-EDTA buffer (eight strokes), and 2 ml of 60% sucrose was mixed into the solution, resulting in the particulate material being suspended in 55% sucrose. This solution was placed at the bottom of a Spinco SW27 cellulose nitrate tube and overlaid with successive sucrose layers of 45% (6 ml), 40% (6 ml), 35% (6 ml), 30% (6 ml), 25% (5 ml), and 20% (5 ml) and buffer (2 ml). The resulting discontinuous sucrose gradients were centrifuged to equilibrium for 14 to 18 h at 27,000 rpm in a Spinco SW27 rotor.
The gradients were collected by pumping from the bottom into 45-drop fractions. In some cases, the profile of absorbance at 280 nm was monitored by pumping the gradient material through a flow cell in a Gilford spectrophotometer. (However, the gradients were generally not pumped through the flow cell, but the fractions from the gradient were pooled from the radioactivity profile as shown in Fig. 2. ) Material from the resulting fractions was recovered by dilution with Tris-EDTA buffer and centrifugation at 25 ,000 rpm in a Spinco type 30 rotor for 3 h. For further gradient analysis or enzyme analysis, the pellet was resuspended in appropriate buffer by gentle homogenization. For direct examination of the proteins on polyacrylamide gels, the pellet was dissolved in sample buffer and allowed to sit at room temperature for approximately 30 min prior to transfer from the rotor tube. Recovery of radioactivity of the gradient fractions was generally greater than 80%, and the percentage of recovery was taken into account in the quantitation of the proteins in the various fractions.
Virus from the extracellular supernatant was recovered by centrifugation of the medium for 1 h at 100,000 x g in a Spinco type 5OTi rotor or 1.5 h at 25,000 rpm in a Spinco type 30 rotor. Until at least 6 h postinfection, this material was entirely viral specific, and most would band with virus particles on a sucrose gradient.
Preparation of membranes with labeled ribosomes. A total of 25 ml of CHO cells was labeled for 16 h with 1 ,uCi of [3H]uridine (New England Nuclear Corp., Boston; 5,6-3H, 20-40 Ci/mmol) per ml, washed with Earle saline, and infected with VSV at a multiplicity of 10 PFU/cell. At 4 h postinfection, the cells were washed, swelled, and Dounce homogenized in RSB. A crude membrane pellet was prepared from the cytoplasm by sedimentation at 20,000 rpm for 30 min in a Sorvall centrifuge. The pellet was homogenized and resedimented. The resulting pellet was homogenized in the isopycnic gradient buffer (1 mM Tris-hydrochloride-1 mM EDTA [pH 8.0]) and centrifuged through 10% sucrose in the same buffer for 30 (30) , and the total protein was determined by the method of Lowry et al. (24 Other procedures. Protease treatment and iodination of intact cells and sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis of proteins were conducted as described previously (19) . RESULTS Fractionation of infected cells. To study the subcellular localization of the initial viral gene products and the structures involved in their maturation into extracellular virions, we utilized the cell fractionation scheme summarized in Fig. 1 . After homogenization of infected cells, the cytoplasm was centrifuged for 1 h at 100,000 x g. The particulate material was washed with EDTA-low-salt buffer, resuspended in dense sucrose, and overlaid with successive steps of lighter sucrose. After centrifugation to equilibrium, light-scattering material was observed in the 55%, sucrose layer and at each of the interfaces up to the 25%-30% interface. Material that had not been washed with EDTA showed more aggregation at the bottom of the isopycnic gradient, and no material floated up to the 25%-30% and 30%-35% interfaces. No viral proteins were observed to be removed from the membranes by the EDTA treatment, and thus this wash was generally discarded. Flotation of membranous material was preferable to sedimentation because of the slow sedimentation rate of nucleocapsids through dense sucrose; with reasonable centrifugation times, the nucleocapsids did not resolve from the membranous material on the gradient if a sedimentation protocol was used.
When VSV-infected cells were fractionated by the isopycnic flotation method, there was a major peak of material absorbing at 280 nm at the bottom of the gradient (55% layer) and minor peaks occurring at the approximate positions of the interfaces of the sucrose steps (Fig.  2a) . The distribution of virus-specific proteins from cells labeled with [35S]methionine from 4 to 4.5 h postinfection showed again a major peak in the 55% sucrose layer, with the radioactivity distribution approximating the profile of absorbance at 280 nm (Fig. 2b) . For further analysis, the sucrose step gradients were fractionated into pools as shown in Fig. 2b .
Surface iodination. To characterize the six subcellular membrane fractions, a series of analyses was performed ( Table 1) . As a marker for plasma membranes, uninfected and VSVinfected CHO cells were surface labeled with ['251]iodine, using lactoperoxidase, and the cells were fractionated as described. A high percentage of the radioactivity from both uninfected and infected cells banded in fractions 5 and 6 (5 + 6), with a smaller amount in other fractions.
When the labeled proteins ofthe various fractions were separated by SDS-polyacrylamide Determined by gravimetric analysis (grams per cubic centimeter). b Percentage of total amount on gradient.
gel electrophoresis (Fig. 3) , fractions 5 + 6 from the uninfected cells showed labeled proteins with approximate molecular weights of 180,000, 160,000, 150,000, 110,000, 98,000, 62,000, and 43,000, relative to the VSV proteins. A similar set of CHO cell surface polypeptides has been reported previously (15) . The radioactivity present in fraction 1 was smeared through the gel slot and did not represent discrete bands as in fractions 5 + 6. We conclude that a majority of CHO cell surface plasma membranes band in fractions 5 and 6 of the isopycnic gradient.
lodination of VSV-infected cells revealed a surface protein comigrating with the VSV glycoprotein ( Fig. 3; reference 19 ). This was the only surface protein found in infected, but not in uninfected, cells. The surface G protein was found in fractions 5 and 6 as well as 3 and 4, whereas the host cell surface proteins were con-35S centrated in fractions 5 and 6, even in infected cells. We believe that the labeled protein in fractions 3 + 4 is mostly in budding virions or completed virions on the cell surface (see below).
Location of endoplasmic reticulum and virions. To identify the rough endoplasmic reticulum, membrane fractions from [3H]uridine-prelabeled infected cells were prepared. After isopycnic centrifugation, the majority of the labeled ribosomes banded in fractions 1 + 2, with minor amounts in fractions 3 + 4 ( (Fig. 4) . The amount of each of the major viral proteins in each fraction, determined by planimetry of the microdensitometer scans of the autoradiogram shown in Fig. 4 , is illustrated in Fig. 5 Fig. 4 were scanned with a Joyce-Loebl microdensitometer, and the areas under the peaks were determined by planimetry. The sum of the areas represented by any one protein in the six isopycnic gradient fractions, the soluble supernatant fluid after removal of membranes (sup't), and the nucleus plus the released virions was calculated. This sum was divided into the amount of the protein in each fraction, which was then expressed as a percentage ofthe total.
large percentage of the [3sS]methionine radioactivity cosedimented with 100-120S nucleocapsids (13, 15) , and some sedimented to the bottom of the gradient (Fig. 6A) . Polyacrylamide gel electrophoresis of the 100-120S material showed that it contained the N, L, and NS proteins characteristic of nucleocapsids, whereas the pellet contained G protein and a small amount of N protein (data not shown). Treatment of the fraction 1 material with Nonidet P-40 and sodium deoxycholate prior to centrifugation had no effect on the nucleocapsids recovered, but solubilized the material that had sedimented into the pellet on the gradient lacking detergents (Fig. 6B) . Thus, it seemed probable that there were two types of structures in fraction 1- nucleocapsids containing N, NS, and L proteins and membranes containing G protein.
The NS protein was found almost exclusively in the supernatant, with a very small amount in fraction 1 that was probably entirely bound to nucleocapsids (Fig. 4) . The L protein was found both in the supernatant and in fraction 1 attached to nucleocapsids.
The G protein was entirely present in particulate material and was distributed in all fractions of the isopycnic gradient. As described previously (19) , both G,, the glycosylated form lacking sialic acid, and G2, the sialylated form, were seen. In fractions 1 + 2, the fractions enriched in endoplasmic reticulum, only the G, form was found. In the lighter-density membranes, or fractions 5 + 6, both G, and G2 were observed. Thus, all of the sialyated form of G protein is recovered in smooth membrane fractions.
In contrast to the G protein, the M protein was found in both the supernatant and the gradient particulate material. The amount of M protein present in fraction 1 was variable, and it was removed to the supernatant fraction when the salt concentration was increased to 0.1 M after homogenization (see Fig. 9 fractionation profile using these conditions). Therefore, we believe that the presence of this protein in fraction 1 was due to aggregation of the protein with itself or with other structures in the cytoplasm when the buffer used for fractionation contained a low concentration of salt. The remainder of the M protein was found in a symmetric distribution about fraction 4, a distribution similar to that of whole virions. It should be noted that little M protein was observed in fraction 6, the one richest in unmodified host cell plasma membranes.
Kinetics of association of viral proteins with subcellular fractions. Using this subcellular fraction scheme, we performed a pulsechase experiment to determine the kinetics of association of the VSV proteins with the different fractions. Cells at 4 h postinfection were exposed to [35S]methionine for 2.5 min followed by the addition of excess unlabeled methionine. Cells were harvested at various times thereafter and fractionated. The radioactivity present in acid precipitates of small portions of the culture showed rapid linear incorporation of
[35S]methionine during the pulse and constant radioactivity after the addition of cold methionine (Fig. 7, lower right panel) . The remaining panels in Fig. 7 show the kinetics of association of the major structural proteins with the subcellular fractions expressed as the percentage of At times soon after the beginning of the chase, a large proportion of both M and N proteins was in the cytoplasmic supernatant, and both proteins were progressively removed from this compartment during the chase (Fig. 7) . The N protein moved predominantly to fractions 1 + 2, where at intermediate times (see above) it was present in nucleocapsid structures. Small amounts of N protein, presumably as nucleocapsids attached to membrane, appeared in the lighter-density membrane fractions. The N protein was transiently associated with fractions 5 + 6, whereas the amount in fractions 3 + 4 remained approximately constant after 30 min. After the appearance of N protein in the lighter-density membrane fractions, it was found in extracellular viral particles.
As the amount of soluble M protein declined, ito 20 min times after their synthesis. The M protein be-. Data will gan to appear in virus at 8 min, the N protein at the M pro-12 to 15 min, and the G protein later than 20 ised of two min, an order previously observed by Kang and Eates and Prevec (17) and Lafay (21) . a the exteNature of the M protein-containing struc-M protein tures in gradient fractions 3 + 4. In experi-10 min of ments in which intact cells were treated with )rotein be-protease (19) , it was apparent that some of the -h the salt viral M protein was removed from the cells by -ior to cen-the enzyme. This was surprising because the ,in in frac-iodination experiments had indicated that G 3e-label.
protein was the only viral protein exposed on a the cyto-the surface of infected cells ( Fig. 3 ; reference t 20 min of 19) . To see whether this loss of M protein was 13 + 4, the due to removal from any specific compartment being en-of the cell, we treated infected cells, previously Lm, to frac-labeled with [35S]methionine, with chymotryp-.sma mem-sin and then fractionated the cells (Fig. 9) (Fig. 9 ). This material could again be pelleted by high-speed centrifugation of the extracellular supernatant. Because the material being removed was of the same density as whole virus and was sedimentable, we subjected the extracellular supernatant to velocity sedimentation to test whether these were wholẽ virions. Indeed, the extracellular supernatant from cells treated with chymotrypsin contained three to four times as much radioactivity sedimenting with virions as did the supernatant from control cells incubated for the same period of time without chymotrypsin (Fig. 10) Equilibrium centrifugation of membranes from infected cells resolved three density components. Gradient fractions 1 and 2 consist mainly of rough endoplasmic reticulum and free viral nucleocapsids. Fractions 3 and 4 contain some rough and smooth membranes and also budding or adsorbed viral particles. The light-density fractions 5 and 6 contain the majority of the plasma membrane and probably other smooth membrane elements. Although recognizing that more extensive manipulations could yield purer fractions, we have utilized the present procedure because it permits quantitative recovery of all labeled viral components in pulse-chase protocols.
Except for the nucleocapsid-a complex of the N protein, small amounts of L and NS, and the 40S RNA-we found no intracellular intermediates in virus morphogenesis. Each of the elements of the virion appears to arrive at the site of budding by different, independent pathways. The nucleocapsid is incorporated directly into the budding virion, and the M protein seems to move directly from a soluble, cytoplasmic form into the virion. In the case of these two proteins we could detect no stable membrane-associated forms (see below). In contrast, all intracellular forms of G are bound to membranes; the G protein is inserted into the sur- One half was incubated with 1 mg of chymotrypsin per ml in phosphate-buffered saline for 5 min at 379C, while the other half was incubated in phosphate-buffered saline alone. After the incubation, the extracellular supernatant was layered on a 5 to 40% (wtlwt) sucrose gradient in phosphatebuffered saline and centrifuged for 1 h at 22,000 rpm in a Spinco SW27.1 rotor. The gradient was collected into fractions, and 0.1-ml aliquots were precipitated with bovine serum albumin by the addition of1 ml of 10% trichloroacetic acid. The precipitate was collected on membrane filters (Millipore Corp.), and the radioactivity was determined by scintillation spectrometry in a toluene-POPOP [1,4- face plasma membrane by migration through internal cellular membranes. For other viruses as well as VSV, separate pathways of maturation of the major glycosylated and non-glycosylated structural proteins have been suggested previously (1, 5, 9, 13, 18, 22) . The arguments for independent maturation of the VSV proteins are best examined for each protein separately, as follows.
(i) Maturation of the G protein. Consistent with the reports that the G protein mRNA is membrane bound (4, 12, 26, 28) , we have observed that immediately after its synthesis the G protein is bound to intracellular membranes. Thus, it must be inserted into a lipid bilayer soon after or during its synthesis; recent work suggests that G protein is synthesized as a transmembrane protein, with most of the polypeptide chain embedded into the lipid or facing the lumen of the endoplasmic reticulum vesicles. About 30 amino acids are exposed to the cytoplasmic face of the membrane (F. Katz and H. F. Lodish, unpublished data).
Some of the newly synthesized G protein is found in the fractions enriched in plasma membranes, i.e., fractions 5 + 6. As shown previously (19) , the G protein is not found in the surface plasma membrane until 30 to 40 min after its synthesis. Therefore, we are uncertain whether the G protein present in fractions 5 + 6 after a short label is due to the imperfection of the fractionation technique or multiple types of membranes in fractions 5 + 6 of the gradient. In particular, it is possible that some G protein is made by polyribosomes which are associated with light-density membranes.
After a short pulse-label the G protein is entirely in the G, form or partially glycosylated but not sialylated (19) Our interpretation of this data is that much of the G protein is synthesized on rough endoplasmic reticulum polyribosomes, directly inserted into the lipid bilayer, and partially glycosylated. The protein then migrates to the smooth endoplasmic reticulum or Golgi apparatus, where further glycosylation takes place. At a later time G protein is incorporated into the surface membrane, possibly by fusion of Golgi vesicles with the plasma membrane. The G protein may be accumulated in the region ofthe budding virus by diffusion in the plane of the plasma membrane, as suggested by Garoff and Simons (11) . A large pool of G protein accumulates on the surface of infected cells because much of the protein remains in fractions 5 + 6, even after 90 min of chase (Fig. 7) . We have also studied the rate of incorporation of iodinated G protein from the surface of cells into virions, using iodination conditions that do not alter the rate of virus formation as assayed with methionine-labeled cells. These experiments demonstrated that at most 50% of the surface G protein buds from the cells during a 90-min period (unpublished data). The large pool of G protein on the surface of cells may be in patches or spread over the surface and later aggregated by interaction with viral proteins.
(ii) Maturation of the M protein. In contrast to the G protein, the M protein is found as a soluble protein at times soon after its synthesis, and it progressively attaches to membranes within the infected cell. The M protein appears to assemble directly into membranous structures having a density similar to that of intact virus. In fact, these structures can be partially released from the cells by protease treatment of intact cells, after which they sediment like virions. At early times after a pulse-label, a higher percentage of the M protein in fraction 4 is resistant to protease treatment as compared with cells chased for a long period of time. This protease-resistant material might represent budding intermediates or a dead-end product of maturation. The M protein shows only a low, transient accumulation in membranes of the density of uninfected cell plasma membranes. These results are consistent with the M protein acting as a nucleating agent at the inner surface of the plasma membrane followed by rapid binding of the nucleocapsid. Alternatively, the M protein and the nucleocapsid could attach to the membrane concomitantly.
We cannot completely rule out the objection that the soluble M protein represents protein displaced from the membranes during homogenization of the cells; however, it is clear that the nature ofthe attachment ofthe M protein to membranes is quite different from that of the G protein. Other experiments have indicated that homogenization of the cells at higher cell density has no effect on the percentage of soluble M protein observed, nor was there any evidence of attachment of soluble M protein to membranes when unlabeled infected or uninfected cells were homogenized in a solution of labeled, soluble proteins and fractionated by our usual scheme (data not shown). Therefore, we find that the binding of M protein to membranes can be followed experimentally, in contrast to earlier reports (7, 8) .
(iii) Maturation of the N protein. The N protein is synthesized as a soluble protein and assembled into nucleocapsids that accumulate in the cytoplasm. The nucleocapsids later bind to the membranes during the process of budding and are observed attached to membranes only in small amounts, apparently as whole virions and budding intermediates. The time lag for the appearance of the N protein in extracellular virus may be a reflection of the pool size of nucleocapsids within the cell because at earlier times of infection we have observed that the N protein assembles into virus at a higher rate (unpublished data). There is an excess of free nucleocapsids within the cell, but we do not know the polarity of the genome-sized RNA in the nucleocapsids that are not incorporated into virions. They could contain largely RNA of the "plus" (anti-genome) polarity (27) .
Formation of the budding virus particle. Because there is never a large amount of M or N protein bound to the plasma membrane of infected cells, it seems likely that these proteins are stably bound to the membrane only in the nascent, budding particle. In addition, there is very little M protein bound stably to the free nucleocapsids. Thus, the glycoprotein, the M protein, and the nucleocapsid appear to come together in a tripartite structure as the bud forms. We have no information about the actual nucleating force for the process of budding. It has been proposed for influenza virus that the M protein lines the inner surface of the plasma membrane and cross-links the viral glycoproteins. The N protein of the nucleocapsid then recognizes these patches and buds out of the cell (22) . For Semliki forest virus, which does not contain an M-like protein, the capsid protein has been postulated to aggregate glycoprotein molecules in the membrane, and budding then takes place at this site (11) . Either these or other forces could be operative in VSV morphogenesis.
Analogy to cellular membrane proteins.
The separate pathways of synthesis and maturation for the two envelope proteins, G and M, may also have implications for the mechanism of biosynthesis of cellular membrane proteins. The G protein could represent the class of integral or transmembrane proteins. These must be synthesized on membrane-bound polyribosomes and transported across the endoplasmic reticulum concomitant with synthesis, in a manner somewhat similar to the secretion of proteins (2) . A different mechanism must exist, however, for anchoring the protein in the lipid bilayer. The M protein could exemplify extrinsic proteins bound to the inner side of the plasma membrane, which are held in place by either interactions with the cytoplasmic portion of transmembrane proteins or hydrophilic interactions with the outside of the lipid bilayer. These proteins could be synthesized on free, cytoplasmic polyribosomes and attached directly to the plasma membrane from a pool of soluble, cytoplasmic proteins, rather than migrating from membrane site to membrane site, as observed for the G protein. Indeed, two erythrocyte proteins that have been localized to the cytoplasmic face of the plasma membrane are also synthesized on free polyribosomes (23) .
